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We report magnon spin transport in nickel ferrite (NiFe2O4, NFO)/ platinum (Pt) bilayer systems at room temperature.
A nonlocal geometry is employed, where the magnons are excited by the spin Hall effect or by the Joule heating induced
spin Seebeck effect at the Pt injector, and detected at a certain distance away by the inverse spin Hall effect at the Pt
detector. The dependence of the nonlocal magnon spin signals as a function of the magnetic field is closely related to
the NFO magnetization behavior. In contrast, we observe that the magnetoresistance measured locally at the Pt injector
does not show a clear relation with the average NFO magnetization. We obtain a magnon spin relaxation length of 3.1
± 0.2 µm in the investigated NFO samples.
The transport of spin information is one of the most exten-
sively studied topics in the field of spintronics.1,2 Spin current,
a flow of angular momentum, is a non-conserved quantity that
is mostly transported diffusively in various material systems,
regardless of the carrier being conduction electrons or quasi-
particles such as magnons.3 In traditional metallic systems4
and 2D materials such as graphene,5 a nonlocal spin valve ge-
ometry is usually applied to study the spin diffusion phenom-
ena and their relevant length scales.
Very recently, it was shown that thermal magnons with typ-
ical frequencies of around kBT/h can be excited and detected
purely electrically in Pt/yttrium iron garnet (YIG) systems, by
also employing a nonlocal geometry where the injector and
detector are both Pt strips, spaced at a certain distance.3,6–9 An
electric current through the injector excites non-equilibrium
magnons both electrically via the spin Hall effect (SHE)10,11
and thermally via the spin Seebeck effect (SSE),12–14 and
they are detected nonlocally via the inverse spin Hall effect
(ISHE).15 At room temperature and below,16 a magnon relax-
ation length λm of typically around 10 µm is observed, for
both electrically and thermally generated magnons indepen-
dent from the YIG thickness.17
An open question is whether the nonlocal effects can be
also observed in other magnetic materials, such as ferrites, be-
ing ferrimagnetic at room temperature with a relatively large
bandgap. Two local effects have been studied in Pt/ferrite
systems so far: the first is the spin Hall magnetoresistance
(SMR),18–21 which results from the simultaneous action of
SHE and ISHE in the Pt layer, while the magnetization in the
magnetic substrate modifies the spin accumulation at the in-
terface and hence the Pt resistance. SMR has been reported in
Pt/NiFe2O4(NFO), Pt/Fe3O4 and Pt/CoFe2O4 systems.20,22–24
Second is the SSE, one of the central topics in the field of
spin caloritronics,25 which is the excitation of magnon cur-
rents when exerting a temperature gradient on the magnetic
material. Previously, SSE has been observed in ferrites and
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other magnetic spinels.26–32 However, the nonlocal transport
of magnon spin has not yet been explored in ferrite systems.
In this study, we focus on the NFO thin film systems
which can be prepared by co-sputtering,33 whereby a typi-
cal bandgap of 1.49 eV and a resistivity of 40 Ω·m can be
obtained at room temperature.34 The electrical properties of
the NFO films can be further tuned by temperature26 or oxy-
gen contents.35 The employed NFO thin films were grown by
ultra high vacuum reactive dc magnetron co-sputtering in a
pure oxygen atmosphere of 2 × 10−3 mbar, with the depo-
sition rate of 0.12 A˚/s. The substrate is MgAl2O4 (MAO), a
nonmagnetic spinel which is known to have a lattice mismatch
to NFO as small as 1.3%. It was heated up to 610◦C during
deposition and kept rotating to ensure a homogeneous growth.
The crystallinity of the NFO/MAO sample was investigated
by x-ray diffraction, confirming a (001) orientation for both
NFO layer and MAO substrate. The thickness of the NFO
layer was determined by x-ray reflectivity to be 44.0± 0.5 nm.
The sample was characterized by a superconducting quantum
interference device (SQUID) to obtain its magnetic behavior.
It is known that in an inverse spinel magnetic thin film with
(001) orientation, a four-fold magnetic anisotropy is expected
in-plane, with two magnetic easy axes aligned perpendicular
to each other.26,27 Figure 1(a) plots the NFO magnetization
when an in-plane magnetic field is applied along one of the
magnetic hard axes, showing a coercive field of around 0.2 T.
To study the magnon spin transport in the NFO, two Pt
strips, parallel to each other and separated by a center-to-
center distance d, were patterned by e-beam lithography and
grown on the NFO layer by dc sputtering. The Pt strips are
all oriented along one of the magnetic hard axes. The lengths
of the Pt strips are typically 10 µm and the widths range from
100 nm to 1 µm. Two series of samples were fabricated, with
the Pt thickness of 2 nm (series A) and 7 nm (series B). Due
to the difference in thickness, the Pt resistivities of the two se-
ries turn out to be quite different, where ρA=(0.9 - 2.4)×10−6
Ω·m and ρB=3.5×10−7 Ω·m, respectively, which is within a
factor of two in line with literature.20,36,37 As a final step, the
Pt strips were connected to Ti (5 nm)/Au (50 nm) contacts.
A lock-in detection technique was employed in the elec-
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FIG. 1. (a) In-plane magnetization curve obtained by SQUID mea-
surements. A diamagnetic linear background has been subtracted,
where the slope is determined from the high-field regime up to B =
7 T. The whole curve is subsequently normalized to the saturation
magnetization Ms at B = 7 T. The coercive field is around 0.2 T.
(b) Schematic representation of the device geometry and measure-
ment configuration. Two Pt strips, one serves as the injector and the
other as the detector, were sputtered onto the NFO surface, separated
by a center-to-center distance d. The local voltage VL at the injector
and nonlocal voltage VNL at the detector can be measured simultane-
ously. The magnetic field is applied in the plane by an angle α. All
measurements are performed at room temperature.
trical measurements. A low-frequency (∼13 Hz) ac current,
with an rms value I0 (typically I0 = 100 µA), was sent
through the Pt injector as input, while two output voltages
can be monitored simultaneously: the local voltage VL at the
same strip, and the nonlocal voltage VNL at the Pt detector, as
shown in Fig. 1(b). Both VL are VNL are separated into the
first (V 1f ) and second (V 2f ) harmonic signals by the lock-in
amplifiers, which probes the linear and quadratic effects, re-
spectively. The mathematical expressions are V 1f = I0 ·R1f
and V 2f = 1√
2
I20 ·R2f , whereR1f (R2f ) is the first (second)-
order response coefficient.38,39 Hence, for the local detection,
R1fL represents the Pt strip resistance, as well as its magnetore-
sistance, and R2fL shows the local SSE that was induced by
Joule heating.40,41 The transport behavior of magnons can be
found in the nonlocal detection, where R1fNL denotes the signal
due to the magnons that are injected electrically via the SHE,
and R2fNL illustrates the nonlocal signals of the thermally gen-
erated magnons.3,16,17,42 All measurements were performed in
vacuum at room temperature.
Figure 2 shows the experimental results obtained by ro-
tating the sample in-plane, under a certain magnetic field
strength B. The nonlocal results are shown in the left panel
while the local results are plotted in the right panel as a com-
parison. One typical measurement curve of the nonlocal ge-
ometry in its first order response is shown in Fig. 2(a), where
d = 1.5 µm. The applied in-plane magnetic field, B = 3 T,
is large enough to align the NFO magnetizationM during the
full rotation. The measured data exhibits a sinusoidal behav-
ior with a period of 180◦, the same as observed in Pt/YIG
systems.3,16,17,42 In the injector, as a result of the SHE, a
spin accumulation µs builds up at the Pt/NFO interface, with
its orientation always transverse to the electric current. The
magnon excitation is activated when the projection of µs on
the M is nonzero. The excited magnons become maximal
when µs is collinear with M , and vanish when they are per-
pendicular to each other. Hence, the injection efficiency is
governed by sin(α), and the same holds for the reciprocal pro-
cess at the detector, in total yielding a sin2(α) dependence.
We further investigate the amplitude of this signal, ∆REI, as
a function of the magnetic fieldB, as shown in Fig. 2(b). Each
datapoint that is extracted by fitting the corresponding angular
sweep data to a sin2(α) curve, represents the amplitude of the
oscillation. It can be seen that ∆REI increases rapidly from 0
to± 1T, and grows slowly asB becomes larger. Two other de-
vices with d = 10 µm and 12 µm, show the same dependence
despite with different signal amplitudes. This dependence is
in accordance with the NFO magnetization curve shown in
Fig. 1(a). In the non-saturated situation, the local M is not
oriented along the external magnetic fieldB as a result of do-
main formation. When α =± 90◦, the projection factor of µs
onM is equal to 1 for the saturated case and becomes smaller
than 1 for the non-saturated case. Similarly, when α = 0◦,
the projection factor for the saturated case is 0, but becomes
nonzero for the non-saturated case. In this way, the difference
between a parallel and perpendicularly applied field decreases
when B becomes smaller and M gets more unsaturated.
Simultaneously we recorded the local signals. Figure 2(c)
shows a typical first-order response underB= 3 T, exhibiting a
magnetoresistance behavior, and Fig. 2(d) shows the MR am-
plitude as a function of the magnetic field. In the SMR sce-
nario, ∆RMR should depend on M instead of on B, as the key
ingredient in the SMR theory is the interaction between µs
and M . Surprisingly, our results show that ∆RMR keeps in-
creasing with a larger B, even when above the saturation field
of NFO. This behavior can be alternatively explained by the
recently reported Hanle magnetoresistance (HMR),43 which
is an instrinsic property of metallic thin films with large spin-
orbit coupling and depends only on B instead of M . The MR
ratio we obtained is in the same order of magnitude as reported
in Ref.43. However, it is not yet clear why we do not observe
the SMR feature on top of HMR.
The different dependences between the ∆REI and ∆RMR
as a function of B rule out the possibility of any charge cur-
rent leakage from the injector to the detector, in which case
the nonlocal signal would mimic the local magnetoresistance
behavior. Moreover, the ratios of the resistance changes com-
pared to the backgrounds differ by two orders of magnitude
for the local and nonlocal responses, further eliminating this
scenario.? In addition, the nonlocal signals were also investi-
gated at different lock-in excitation frequencies, and the ∆REI
keeps almost unvaried with no systematic dependence on fre-
quency, implying that the ∆REI is not affected by any capac-
itive coupling. Therefore, we can conclude that the ∆REI we
measured is indeed due to magnon spin transport in NFO.
The second-order local responses which are due to ther-
mally generated magnons are shown in the lower right panel
of Fig. 2, detected in a nonlocal (left) or a local method (right).
Both signals show a sin(α) behavior as a function of α, gov-
erned by the ISHE at the detector. Their amplitudes, ∆RTG
and ∆RSSE, mainly follow the evolution of M , in accordance
with previous studies in the Pt/NFO system26,45 and other
Pt/ferrite systems27,28. However, the rise of the thermal sig-
nals is less sharp than that of M around the coercive field, for
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FIG. 2. Comparison of both the electrical and thermal effects between nonlocal and local geometries under angle sweep, measured with
different magnetic fields. (a) The first harmonic nonlocal signal with Pt spacing d = 1.5 µm while sweeping α, measured at B = 3 T. The
background resistance RNL0 is -4.733 Ω. The red curve shows a sin2(α) fit to the data. ∆REI is defined as the amplitude of the electrically
injected, nonlocally detected magnon signal. (b) The dependence of ∆REI as a function of the magnetic field at d=1.5 µm. (c) Local MR
measurement at B = 3 T. The background resistance RL0 is 8056 Ω. The red curve shows a sin2(α) fit to the data. ∆RMR is defined as the
amplitude of the local MR signal. (d) The dependence of ∆RMR as a function of the magnetic field. Right axis indicates the MR ratio, which
is ∆RMR/8056 Ω. (e) The nonlocal detection of the thermally generated magnons with Pt spacing d = 0.3 µm, B = 3 T. The red curve is a
sin(α) fit. Its amplitude, ∆RTG, depends on the magnetic field as shown in (f). (g) The angular dependence of the local SSE measured at B =
3 T. The subtracted background is -21.4 kV/A2. The red curve shows a sin(α) fit to the data. ∆RSSE is defined as the amplitude of the local
SSE signal. (h) The dependence of ∆RSSE as a function of the magnetic field. Data in (e), (f) are from sample series B and the rest are from
series A.
reasons that are not yet clear to us. The sign of the local SSE
results shows to be the same as in Pt/YIG systems.46
Experimentally we defined the polarities of the local and
nonlocal voltages to be opposite in the measurement scheme
(see Fig. 1(b)). Hence, the same shape in Figs. 2(e) and (g) in-
dicates that the actual signs of the local and nonlocal SSE sig-
nals are opposite. This is similar to the observation in Pt/YIG
systems, where at closer spacings the sign of the nonlocal SSE
signals are the same as the local one, but at further d the sign
is reversed.3,17 However, to determine the exact sign-reversal
distance in this sample and how it evolves on the NFO thick-
ness, requires further study and is beyond the scope of this
paper.
Note that Figs. 2(e)(f) are obtained from sample series B.
Due to the large resistivities of the Pt strips in sample se-
ries A and hence a limited electric current that can be sent,
the second-harmonic signals in the nonlocal detection, which
scale with I20 , are below the noise level. We can, however,
detect them in series B. The local behaviors for both series
are very similar as a function of α and B, with the amplitude
∆RSSE around 5 times larger in sample series B. However,
∆REI in series B is observed to be much smaller compared to
series A, which can be attributed to the thicker Pt films and
lower resistivity. Only for the shortest distance, where d =
300 nm, we obtained a ∆REI response beyond the noise floor,
showing the same magnetic field dependence as series A.
To further study the relation between the observed signals
and the NFO magnetization, we also performed magnetic field
sweep measurements at two specific angles, α = -90◦ and
α = 0◦, as shown in Fig. 3. In principle, this measurement
would yield the same information as obtained from the angu-
lar sweep measurements, as the differences between α = -90◦
and 0◦ correspond to the signal amplitudes extracted from the
sinusoidal curves in Fig. 2. However, in the angular sweep
experiments, M rotates in the plane, and hence the effects
related to the magnetization hysteresis cannot be directly ob-
served. In comparison, field-sweep measurements allow to re-
solve these features. Note that α = 0◦ and -90◦ correspond to
the two equivalent in-plane magnetic hard axes. In both cases,
the behavior of M can be described by the M − B curve in
Fig. 1(a).
The field-sweep results are shown in Fig. 3. Similar as in
Fig. 2, the local magnetoresistance do not show any features
related to the NFO magnetization curve, which would be pro-
duced by the SMR. In contrast, both the local and nonlocal
SSE signals show the typical hysteresis behaviors, with the
coercive fields being very close to the ones extracted from the
M −B hysteresis loop.
One interesting observation is the electrically injected
magnon transport signal under the field sweep, as shown in
Fig. 3(a). The peaks and dips for α=-90◦ and 0◦, occurring
at the coercive fields, correspond to the situation where the
net magnetization in the field direction is zero. In this case,
the thermally generated magnon signals vanish to zero, as ex-
pected, but interestingly the electrically injected magnon sig-
nals show half of its maximum signal amplitude. Consider-
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FIG. 3. Magnetic field sweep results for (a) the nonlocal signal by
electrical injection, (b) the local MR, (c) the nonlocal signal by ther-
mal generation and (d) the local SSE at α = -90◦ and α = 0◦. The
results in (a), (b) and (d) are obtained from sample series A and (c)
is from sample series B.
ing that multiple domains can form with the magnetizations
aligned along both of the magnetic easy axes in this material
around the coercive fields, our results hence suggest the trans-
port of magnons in a multi-domain state.
To estimate λm in the NFO sample, we performed a
distance-dependent study of the nonlocal signals. In Fig. 4,
we plot the thermally generated nonlocal signals as a func-
tion of d when M is saturated by the field. Due to the
more complicated behavior for the short-d regime,17 we only
fit the data exponentially where d > 1 µm. This yields a
λm of 3.1 ± 0.2 µm in the investigated NFO sample. This
result is supported by the electrically injected magnon sig-
nals from series A obtained at B = 7 T, which can be fit-
ted satisfactorily with the same λm, by applying ∆RNL(d) =
C/λm · exp(d/λm)/(1− exp(2d/λm))3 (see inset of Fig. 4).
Given that the Gilbert damping coefficient α of an NFO thin
film is 3.5 ×10−3,47 around one order of magnitude higher
than a typical α of YIG thin films, a reduction of λm of NFO
compared to YIG is expected, as observed in our experiments.
In conclusion, we have experimentally observed the trans-
port of both electrically and thermally excited magnons in
NFO thin films. The nonlocal signals of both exciting meth-
ods are directly related to the average NFO in-plane magne-
tization, while the local MR is not, showing that the nonlocal
results are more sensitive to the NFO magnetization or domain
texture. Our results also suggest that the study of magnon
spin transport can be extended to other materials such as ferri-
magnetic spinel ferrites, not only limited to YIG, showing the
ubiquitous nature of the exchange magnon spin diffusion.
We would like to acknowledge M. de Roosz, H. Adema,
T. Schouten and J. G. Holstein for technical assistance. This
work is part of the research program of the Foundation for
Fundamental Research on Matter (FOM), and DFG Prior-
 ∆
 R
TG
 (V
/A
2 )
 
distance (µm)
0 2 4 6 8 10 12 14 16
0.001
0.01
0.1
1
0 5 10 15
0.1
1
10
distance (µm)
∆ 
R E
I (m
Ω
)
FIG. 4. The thermally generated nonlocal signal response RTG as
a function of d, plotted in logarithmic scale. Red dashed line is an
exponential decay fitA exp(−d/λm), withA being a d-independent
coefficient, yielding a λm of 3.1 ± 0.2 µm. The results are obtained
from series B. Inset shows the dependence of REI as a function of d
from series A, fitted with C/λm · exp(d/λm)/(1 − exp(2d/λm))
with λm = 3.1 µm. All results are normalized to the typical Pt strip
geometry (0.1 µm × 10 µm) as described in Ref.17.
ity Programme 1538 ”Spin-Caloric Transport” (KU 3271/1-1)
and is supported by NanoLab NL, EU FP7 ICT Grant InSpin
612759, and the Zernike Institute for Advanced Materials.
1S. A. Wolf, D. D. Awschalom, R. A. Buhrman, J. M. Daughton, S. v.
Molna´r, M. L. Roukes, A. Y. Chtchelkanova, and D. M. Treger, Science
294, 1488 (2001).
2I. Zˇutic´, J. Fabian, and S. Das Sarma, Reviews of Modern Physics 76, 323
(2004).
3L. J. Cornelissen, J. Liu, R. A. Duine, J. Ben Youssef, and B. J. van Wees,
Nature Physics 11, 1022 (2015).
4F. J. Jedema, A. T. Filip, and B. J. van Wees, Nature 410, 345 (2001).
5N. Tombros, C. Jozsa, M. Popinciuc, H. T. Jonkman, and B. J. van Wees,
Nature 448, 571 (2007).
6S. T. B. Goennenwein, R. Schlitz, M. Pernpeintner, K. Ganzhorn, M. Al-
thammer, R. Gross, and H. Huebl, Applied Physics Letters 107, 172405
(2015).
7J. Li, Y. Xu, M. Aldosary, C. Tang, Z. Lin, S. Zhang, R. Lake, and J. Shi,
Nature Communications 7, 10858 (2016).
8H. Wu, C. H. Wan, X. Zhang, Z. H. Yuan, Q. T. Zhang, J. Y. Qin, H. X.
Wei, X. F. Han, and S. Zhang, Physical Review B 93, 060403 (2016).
9S. Ve´lez, A. Bedoya-Pinto, W. Yan, L. E. Hueso, and F. Casanova, Physical
Review B 94, 174405 (2016).
10J. E. Hirsch, Physical Review Letters 83, 1834 (1999).
11J. Sinova, S. O. Valenzuela, J. Wunderlich, C. Back, and T. Jungwirth,
Reviews of Modern Physics 87, 1213 (2015).
12K. Uchida, S. Takahashi, K. Harii, J. Ieda, W. Koshibae, K. Ando,
S. Maekawa, and E. Saitoh, Nature 455, 778 (2008).
13K. Uchida, J. Xiao, H. Adachi, J. Ohe, S. Takahashi, J. Ieda, T. Ota, Y. Kaji-
wara, H. Umezawa, H. Kawai, G. E. W. Bauer, S. Maekawa, and E. Saitoh,
Nature Materials 9, 894 (2010).
14J. Xiao, G. E. W. Bauer, K.-c. Uchida, E. Saitoh, and S. Maekawa, Physical
Review B 81, 214418 (2010).
15E. Saitoh, M. Ueda, H. Miyajima, and G. Tatara, Applied Physics Letters
88, 182509 (2006).
16L. J. Cornelissen, J. Shan, and B. J. van Wees, Physical Review B 94,
180402(R) (2016).
517J. Shan, L. J. Cornelissen, N. Vlietstra, J. Ben Youssef, T. Kuschel, R. A.
Duine, and B. J. van Wees, Physical Review B 94, 174437 (2016).
18H. Nakayama, M. Althammer, Y.-T. Chen, K. Uchida, Y. Kajiwara,
D. Kikuchi, T. Ohtani, S. Gepra¨gs, M. Opel, S. Takahashi, R. Gross,
G. E. W. Bauer, S. T. B. Goennenwein, and E. Saitoh, Physical Review
Letters 110, 206601 (2013).
19N. Vlietstra, J. Shan, V. Castel, B. J. van Wees, and J. Ben Youssef, Physical
Review B 87, 184421 (2013).
20M. Althammer, S. Meyer, H. Nakayama, M. Schreier, S. Altmannshofer,
M. Weiler, H. Huebl, S. Gepra¨gs, M. Opel, R. Gross, D. Meier, C. Klewe,
T. Kuschel, J.-M. Schmalhorst, G. Reiss, L. Shen, A. Gupta, Y.-T. Chen,
G. E. W. Bauer, E. Saitoh, and S. T. B. Goennenwein, Physical Review B
87, 224401 (2013).
21Y.-T. Chen, S. Takahashi, H. Nakayama, M. Althammer, S. T. B. Goen-
nenwein, E. Saitoh, and G. E. W. Bauer, Physical Review B 87, 144411
(2013).
22M. Isasa, A. Bedoya-Pinto, S. Ve´lez, F. Golmar, F. Sa´nchez, L. E. Hueso,
J. Fontcuberta, and F. Casanova, Applied Physics Letters 105, 142402
(2014).
23M. Isasa, S. Ve´lez, E. Sagasta, A. Bedoya-Pinto, N. Dix, F. Sa´nchez,
L. E. Hueso, J. Fontcuberta, and F. Casanova, Physical Review Applied
6, 034007 (2016).
24Z. Ding, B. L. Chen, J. H. Liang, J. Zhu, J. X. Li, and Y. Z. Wu, Physical
Review B 90, 134424 (2014).
25G. E. W. Bauer, E. Saitoh, and B. J. van Wees, Nature Materials 11, 391
(2012).
26D. Meier, T. Kuschel, L. Shen, A. Gupta, T. Kikkawa, K. Uchida, E. Saitoh,
J.-M. Schmalhorst, and G. Reiss, Physical Review B 87, 054421 (2013).
27E.-J. Guo, A. Herklotz, A. Kehlberger, J. Cramer, G. Jakob, and M. Kla¨ui,
Applied Physics Letters 108, 022403 (2016).
28T. Niizeki, T. Kikkawa, K.-i. Uchida, M. Oka, K. Z. Suzuki, H. Yanagihara,
E. Kita, and E. Saitoh, AIP Advances 5, 053603 (2015).
29R. Ramos, T. Kikkawa, K. Uchida, H. Adachi, I. Lucas, M. H. Aguirre,
P. Algarabel, L. Morello´n, S. Maekawa, E. Saitoh, and M. R. Ibarra, Ap-
plied Physics Letters 102, 072413 (2013).
30T. Kuschel, C. Klewe, P. Bougiatioti, O. Kuschel, J. Wollschla¨ger,
L. Bouchenoire, S. D. Brown, J. M. Schmalhorst, D. Meier, and G. Reiss,
IEEE Transactions on Magnetics 52, 4500104 (2016).
31K.-i. Uchida, T. Nonaka, T. Ota, and E. Saitoh, Applied Physics Letters 97,
262504 (2010).
32A. Aqeel, N. Vlietstra, J. A. Heuver, G. E. W. Bauer, B. Noheda, B. J. van
Wees, and T. T. M. Palstra, Physical Review B 92, 224410 (2015).
33C. Klewe, M. Meinert, A. Boehnke, K. Kuepper, E. Arenholz, A. Gupta,
J.-M. Schmalhorst, T. Kuschel, and G. Reiss, Journal of Applied Physics
115, 123903 (2014).
34P. Bougiatioti, O. Manos, C. Klewe, D. Meier, J.-M. Schmalhorst, T.
Kuschel, and G. Reiss, in preparation (2017).
35P. Bougiatioti, C. Klewe, D. Meier, O. Manos, O. Kuschel, J. Wollschlger,
L. Bouchenoire, S. D. Brown, J.-M. Schmalhorst, G. Reiss, and T. Kuschel,
arXiv:1702.05384 [cond-mat] (2017), arXiv: 1702.05384.
36V. Castel, N. Vlietstra, J. Ben Youssef, and B. J. van Wees, Applied Physics
Letters 101, 132414 (2012).
37M.-H. Nguyen, D. Ralph, and R. Buhrman, Physical Review Letters 116,
126601 (2016).
38F. L. Bakker, A. Slachter, J.-P. Adam, and B. J. van Wees, Physical Review
Letters 105, 136601 (2010).
39J. Flipse, F. L. Bakker, A. Slachter, F. K. Dejene, and B. J. v. Wees, Nature
Nanotechnology 7, 166 (2012).
40M. Schreier, N. Roschewsky, E. Dobler, S. Meyer, H. Huebl, R. Gross, and
S. T. B. Goennenwein, Applied Physics Letters 103, 242404 (2013).
41N. Vlietstra, J. Shan, B. J. van Wees, M. Isasa, F. Casanova, and
J. Ben Youssef, Physical Review B 90, 174436 (2014).
42L. J. Cornelissen and B. J. van Wees, Physical Review B 93, 020403(R)
(2016).
43S. Ve´lez, V. N. Golovach, A. Bedoya-Pinto, M. Isasa, E. Sagasta, M. Aba-
dia, C. Rogero, L. E. Hueso, F. S. Bergeret, and F. Casanova, Physical
Review Letters 116, 016603 (2016).
44Except for the device with d = 1.5 µm from series A, the first-harmonic
background resistances RNL0 from devices of both series are all smaller
than 100 mΩ in their absolute values.
45T. Kuschel, C. Klewe, J.-M. Schmalhorst, F. Bertram, O. Kuschel,
T. Schemme, J. Wollschla¨ger, S. Francoual, J. Strempfer, A. Gupta,
M. Meinert, G. Go¨tz, D. Meier, and G. Reiss, Physical Review Letters
115, 097401 (2015).
46M. Schreier, G. E. W. Bauer, V. I. Vasyuchka, J. Flipse, K.-i. Uchida,
J. Lotze, V. Lauer, A. V. Chumak, A. A. Serga, S. Daimon, T. Kikkawa,
E. Saitoh, B. J. v. Wees, B. Hillebrands, R. Gross, and S. T. B. Goennen-
wein, Journal of Physics D: Applied Physics 48, 025001 (2015).
47C. Vittoria, S. D. Yoon, and A. Widom, Physical Review B 81, 014412
(2010).
